We present broadband ferromagnetic resonance measurements of tunable spin wave anisotropy in arrays of nanodots with different dot shapes. Magnetization dynamics of the circular dot array shows two modes, while square, diamond, and triangular dot arrays show three, three, and four modes, respectively. Various distinct rotational symmetries in the configurational anisotropy of the nanodot arrays are observed with the variation of dot shape. The observed spin wave modes are reproduced by micromagnetic simulations and the calculated mode profiles show different collective modes determined by internal and stray magnetic fields. Effects of dot shapes are observed in combination with the effects of lattice symmetry and the shape of the boundary of the array. The collective behaviour is observed to be weakest in the diamond shaped dots and strongest in circular shaped dots. This is further confirmed by the stray field calculation. The large variation of spin wave mode frequencies and their configurational anisotropies with dot shapes are important for selection of suitable basis structures for future magnonic crystals. 
Miniaturization of magneto-electronic and data storage devices with faster response and lower heat generation remains a driving force in the research of magnetization dynamics in patterned magnetic nanodot arrays.
1-4 Huge potential applications in emerging new technologies such as spin torque nano-oscillators 5 as on-chip microwave sources, magnonic crystals 6, 7 as on-chip data communications, and spin based logic devices 8, 9 pose new challenges towards manipulation of magnetization dynamics. Fabrication of patterned arrays of ferromagnetic nanodots with various shape, size, aspect ratio, lattice constant, lattice symmetry, and understanding of their magnetization dynamics are thus becoming very important. To this end, nanodot shape plays an important role. There are three main contributors to the configurational anisotropy 10 in patterned nanodot arrays. These are (i) shape of boundary of the array arising due to the strongly collective dynamics, (ii) the lattice arrangement manipulating the interdot interaction field (extrinsic configurational anisotropy), 11, 12 and (iii) shape of the nanodots manipulating the internal magnetic field (intrinsic configurational anisotropy). 10, 13, 14 Rotational symmetries of various orders based upon the shape of the nanodots have been measured in the quasi-static regime by means of magnetic hysteresis loop measurements. 10, 15 Control of configurational anisotropy through edge indentation is also demonstrated. 16 Four-fold dynamical configurational anisotropy were observed in arrays of square and cross shaped nanodots. 12, 17 Brillouin light scattering experiments on triangular element, 18 circular ring, 19 and elliptical dots with "egg-like" distortion 20 showed a number of localized modes and the mode distortion affected the linewidth of the mode spectra. A systematic study of variation of spin wave modes with nanodot shape was reported by time-resolved magneto-optical Kerr effect measurements. 21 Three dimensional shape dependent spin wave modes were also demonstrated recently. 22 However, a systematic study of the configurational anisotropy of the spin wave modes in arrays of ferromagnetic nanodots with varying dot shape is missing in the literature.
Here, we have used a broadband ferromagnetic resonance (FMR) technique to study the configurational anisotropy in densely packed Ni 80 Fe 20 (permalloy) nanodot arrays with various non-ellipsoidal shapes. The collective magnetization dynamics shows a number of modes, which varies with the dot shape and the modes show specific rotational anisotropies. Micromagnetic simulations reveal the spin wave mode profiles corresponding to the anisotropic modes and we subsequently estimate the origin and contribution of different factors to the observed anisotropic behaviour. Permalloy is chosen because of its negligible magneto-crystalline anisotropy. The square lattice is selected to avoid a complicated extrinsic configurational anisotropy. Inter-element separation of 75 nm is chosen to be in the collective dynamical regime.
II. EXPERIMENTAL DETAILS
Arrays (20 lm Â 200 lm) of circular, square, diamond, and triangular shaped permalloy dots with total length and width of about 300 nm (68%), thickness of 20 nm, and nearest edge-to-edge spacing of 75 nm (610%) were fabricated on Si(100) substrate by e-beam lithography, e-beam evaporation, and lift-off technique. Different shaped dots are patterned on a square lattice. the array so that the array falls under the centre of the central conductor of the CPW. The field emission scanning electron micrographs (FESEM) in Fig. 1(a) show that the circular dots are slightly elongated while the square, diamond, and triangular dots have rounded corners.
The broadband FMR spectrometer is based upon a vector network analyzer (Agilent, PNA-L, 50 GHz) and a high frequency homemade probe station with nonmagnetic G-S-G type probes (GGB Industries, Model No. 40A-GSG-150-EDP). The system has an inbuilt electromagnet with bias field up to 1.5 kOe, which can be rotated by 360 within the sample plane. Microwave signals with varying frequencies are launched into the CPW structure, which is shorted at one end and the backreflected signal is collected by the same probe to the analyzer. Absorption of this signal at various spin-wave frequencies gives rise to the characteristic spectrum of the sample. The real and imaginary parts of the scattering parameter at various bias fields in the reflection geometry (S 11 ) are subtracted from its value at the maximum bias field (reference) and the spin-wave spectra are obtained. In this paper, we varied both the bias field (H) at a fixed azimuthal angle u ¼ 0 as well as u at a fixed bias field H ¼ 0.8 kOe. The measurement geometry is shown in the inset of Fig. 1(a) .
III. RESULTS AND DISCUSSION
First, the FMR spectra of a permalloy thin film of 20 nm thickness are measured at varying bias field at u ¼ 0 . The bias field dependence is fitted with Kittel's formula, 23 and material parameters are extracted which are used in the further simulations. The bias field dependent FMR spectra for nanodot arrays with different shapes are then measured and the corresponding surface plots are shown in Figs. 1(b)-1(e) . The circular dot array shows a broad single mode for H > 1 kOe but splits into three modes for H 1 kOe and the splitting amplitude increases with the decrease in bias field. The square dot array shows two modes at high bias field where the lower frequency mode is very weak as compared to the higher frequency mode and nearly disappears for H < 350 Oe and a third mode appears in that field range. In contrary, the diamond shaped dot showed three clear modes for all field values and the gap between the middle and the lowest mode is higher compared to that between the middle and the highest mode. The triangular dot array shows two clear modes with nearly equal intensities at u ¼ 0 . Micromagnetic simulations were performed by OOMMF software 24 on array of dots after applying two-dimensional periodic boundary condition (2D-PBC). The basic units of the arrays are derived from the FESEM images of the experimental samples. The samples are discretized into rectangular prism like cells with dimensions 3 Â 3 Â 20 nm 3 such that the lateral dimensions of the cells are well below the exchange length (l ex % 5.3 nm) for permalloy. The material parameters for permalloy used in the simulations are gyromagnetic ratio c ¼ 18.5 MHz/Oe, anisotropy field H K ¼ 0, and saturation magnetization M S ¼ 860 emu/cc as extracted from the Kittel fit to the bias field dependent precession frequency of a permalloy thin film. On the other hand, the exchange stiffness constant A ¼ 1.3 Â 10 6 erg/cm is obtained from the literature. 25 Micromagnetic simulations reproduced the experimental data qualitatively as shown by the filled symbols in Figs. 1(b)-1(e). The deviation between the experimental and simulated data is due to the absence of precise edge roughness and variation in dot size and inter-dot separation in the simulated samples due to the use of finite difference method based simulation with 2D-PBC. We further measured the FMR spectra of the dot arrays by varying the bias field angle u. The real part of S 11 is plotted as a function of frequency at various u values for different dot shapes in Fig. 2 . The surface plots of the variation of FMR spectra with u show distinct anisotropic behaviors for various modes in different shaped dots at H ¼ 0.8kOe. As u is varied the number modes and their relative intensities change. Some modes appear only at specific set of angles and disappear at other angles. The solid lines on the surface plots show fits with harmonic functions with different rotational symmetries. The circular dot array shows two anisotropic modes, one with two-fold and another with a combination of two-fold (42%) and fourfold (58%) symmetries. The square dot array shows fourfold symmetry for all modes and the highest frequency mode at u ¼ 0 has a two-fold symmetry (50%) superposed with it. The diamond shaped dot array shows four-fold symmetry for all modes although with different phases. All four anisotropic modes of the triangle shaped dot array show six-fold symmetry while the lowest frequency mode is superposed with a two-fold and a four-fold symmetry.
Clearly, the rotational anisotropies as observed in dot arrays with different dot shapes have contributions from the (a) dot shape, (b) the symmetry of the lattice, and (c) the shape anisotropy of the overall array boundary. In order to understand those effects, we first simulate the dynamics of single nanodots with varying shapes. Figure 3(a) shows the simulated frequency as a function of the bias field angle u. The circle shows no distinct anisotropy (not shown in Fig.  3(a) ). For the square dot, three clear branches all showing four-fold anisotropies with varying magnitudes are observed. The lowest mode shows an additional two-fold anisotropy. The diamond shows three clear four-fold anisotropic modes, the second one with weaker anisotropy as opposed to the first and third modes. In the triangular dots, three anisotropic modes all with six-fold anisotropy are observed. Figure 3(b) shows the simulated static magnetic configurations for all dots at a bias field H ¼ 0.8 kOe applied at u ¼ 0 . The circular, rectangular, and diamond shaped dots form leaf-like states albeit with different extent of demagnetized regions, while the triangular dot forms a c-like state. We have further calculated the spin wave mode profiles using a home built code 26 and the power distributions of the modes are shown in Fig. 3(c) . The circular dot shows two asymmetric edge modes, a backward volume (BV) mode with quantization number n ¼ 3 and a centre mode, none of which show any configurational anisotropy. The square dot shows a symmetric edge mode with four-and two-fold anisotropies, while both the BV (n ¼ 3) and the centre modes show only fourfold anisotropy. In the diamond shaped dots, all three modes (BV-Like modes with n ¼ 3, 5, and 7) show four-fold anisotropy. However, the mode structures for the diamond and triangle shaped dots deviate from ideal structures due to fabrication induced asymmetry in these structures, which were introduced in the simulation.
Though the static magnetic configurations of single dots (Fig. 4(a) ) remain largely unaffected in the array, significant changes in mode frequencies and mode profiles are observed. Figure 4 (b) presents the simulated mode profiles for the anisotropic modes, which show various localized and standing spin wave modes in the BV configuration. In the circular dot array, the lower frequency collective mode (BV-like) show a combination of two-and four-fold anisotropies, while the higher frequency mode (uniform collective mode) show a two-fold anisotropy as if it behaves like a continuous magnetic medium with rectangular boundary of the array. In the square shaped dot array, the two lower frequency modes (BV-like modes with n ¼ 3 and 5) show weakly collective behavior, and the anisotropy arises primarily due to the lattice symmetry and the dot shape (both are four-fold). However, for the highest frequency mode (n ¼ 7), the collective behavior becomes stronger and effects due to boundaries of the array (two-fold) also appear in addition to the fourfold symmetry. In the diamond shaped dots, all modes are BV-like modes with n ¼ 3, 5, and 7 and they all show fourfold rotational symmetry although the symmetry for the mode with n ¼ 3 is out of phase with those with n ¼ 5 and 7. In the triangular shaped dots, all modes are BV-like modes with n ¼ 4, 6, 8, and 10 and they all show six-fold rotational symmetry. The effects of lattice symmetry and overall boundary of the array appear only in the mode with n ¼ 4.
For further understanding of the effects of inter-dot interactions on the spin wave mode frequencies and profiles, we have numerically calculated the magnetostatic field distributions as shown in Fig. 5 . The contour plots of the magnetostatic fields are shown in the Fig. 5(a) , which shows a significant variation between different dot shapes. From the line scans taken along the black dotted lines as shown in Fig.  5(a) , we determined the stray fields in between the dots as shown in the Fig. 5(b) . For the circular dot array the stray field is maximum (5.11 kOe) while for the diamond dot array it is minimum (1.32 kOe). Consequently, the circular dot array shows very strong collective dynamics and the diamond dot array shows nearly isolated dynamics. The square dot shape shows an intermediate value (3.02 Oe), while the triangle dot array also shows a low value (1.52 Oe) of stray field and consequently, weakly collective dynamics of varying extent. For u ¼ 0 , the non-uniform magnetization within the dots is concentrated near the corners or edges of the dots. The stray magnetic fields are also concentrated in the vicinity of those edges thereby limiting the stray fields to affect the modes of the individual dots significantly. As u deviates from 0 , the demagnetized regions also rotate creating an asymmetry and allowing the stray fields to affect the neighbouring dots more. The mode frequencies and profiles thereby changes, showing the rotational anisotropy as observed experimentally.
IV. CONCLUSIONS
In summary, broadband ferromagnetic resonance measurements on arrays on different non-ellipsoidal shaped nanodots were measured. The collective dynamics of the circular dot array shows two modes, while the square, diamond, and triangular dot arrays show three, three, and four modes, respectively, whose splitting amplitude increases with reduced bias field. The observed spin wave modes are reproduced by micromagnetic simulations and the calculated mode profiles show various collective modes determined by internal and stray magnetic fields. From the measurements and analyses of the configurational anisotropy of the nanodot arrays, effects of dot shapes are observed being superposed with the effects of lattice symmetry (4-fold) and the shape of the boundary of the array (2-fold). The collective behaviour is observed to be weakest in the diamond shaped dots and strongest in circular shaped dots as is also confirmed by the stray field calculation. The large variation of spin wave mode frequencies and their configurational anisotropies are important for selection of suitable basis structures for future magnonic crystals.
